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Abstract
Objective—Most psychometric tests originate from Europe and North America and have not
been validated in other populations. We assessed the validity of United States (US)-based norms
for the Bayley Scales of Infant and Toddler Development-III (BSID-III), a neurodevelopmental
tool developed for and commonly used in the US, in Malawian children.
Methods—We constructed BSID-III norms for cognitive, fine motor (FM), gross motor (GM),
expressive communication (EC) and receptive communication (RC) subtests using 5 173 tests
scores in 167 healthy Malawian children. Norms were generated using Generalized Additive
Models for location, scale and shape, with age modeled continuously. Standard z-scores were used
to classify neurodevelopmental delay. Weighted kappa statistics were used to compare the
classification of neurological development using US-based and Malawian norms.
Results—For all subtests, the mean raw scores in Malawian children were higher than the US
normative scores at younger ages (approximately <6 months) after which the mean curves crossed
and the US normative mean exceeded that of the Malawian sample and the age at which the curves
crossed differed by subtest. Weighted kappa statistics for agreement between US and Malawian
norms were 0.45 for cognitive, 0.48 for FM, 0.57 for GM, 0.50 for EC, and 0.44 for RC.
Conclusion—We demonstrate that population reference curves for the BSID-III differ
depending on the origin of the population. Reliance on US norm-based standardized scores
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resulted in misclassification of the neurological development of Malawian children, with the
greatest potential for bias in the measurement of cognitive and language skills.
Keywords
Child development; testing norms; cross-cultural testing bias
Introduction
It has been estimated that more than 200 million children under 5 years of age are not
reaching their full potential for growth, cognition, or socio-emotional development due to
risk factors for neurological delay.1 In the African setting, poverty, human
immunodeficiency virus (HIV) infection, malaria and malnutrition have been shown to
adversely affect neurological development.1–5 While it is critical to assess whether children
develop appropriately, few national statistics from developing countries exist and
neurodevelopmental delay in these settings remains understudied. In addition to the paucity
of data on pediatric neurological development in Africa, most extant data were collected
using assessments developed in Europe or North America. This is, at least in part, due to the
scarcity of psychometric tools to measure neurological development specifically designed
for settings outside of Europe and North America.
Diagnosis of a child’s neurological development requires comparison to a normative
reference population by transforming raw scores to percentile ranks or standardized
(“scaled”) scores.6 Normative samples are usually cross-sectional, drawn from healthy
children who represent the target population. For example, the Bayley Scales of Infant and
Toddler Development, Third Edition (BSID-III), is widely used in international child
development research. The normative sample for the BSID-III included 1 700 children
stratified by age, sex, parental education, race and geographic region in the United States
(US).7 Data from the normative sample were then used to construct norms that represent the
distribution of test performance in the US population. Test norms are necessary to identify
delay; without the ability to compare a child’s performance to what is considered “normal”,
raw scores have limited value for research or clinical practice.
Several authors have raised concerns about the use of a psychometric tool in a population
other than the one in which the tool was developed.8–10 To address possible cross-cultural
bias when using developmental assessments in populations other than those for whom norms
were developed, three approaches have been commonly used. First, an entirely new test can
be developed and normed for a specific population.11 Successful generation of a new test
involves an inter-disciplinary research team, an adequate representative sample for testing
items and test cohesion, and the concurrent development of norms or standards that
represent typical development.12 For example, the Kilifi Developmental Inventory is a new
tool designed to monitor and describe the development of at-risk children in resource-
limited settings in Kenya.11 A new test ensures a culturally appropriate psychometric tool
but its development is resource-intensive and prohibits use beyond its target population, thus
limiting comparability of findings with other tests and across populations.
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An alternative to the development of a new test is the adaptation of existing tools for use in
new populations. Published guidelines have been developed for this process, which typically
involves translation of test materials, modification of test items inappropriate for the local
context to preserve consistency with the constructs measured, followed by a process of
iterative adaptation and testing of the assessment tool.12–14 For example, Nampijja et al
successfully adapted several Western measures to assess cognition in 5-year-old semi-urban
Ugandan children.15 Gladstone et al employed a hybrid approach in which existing test
items were modified for local context and combined with new test items designed
specifically for the population under study.16 While an adapted test improves cultural
appropriateness, it is also resource-intensive and does not permit comparability between
populations. Furthermore, although adaptation of existing assessment tools may reduce bias
in test items measuring specific constructs, there remains a risk of bias unless these
adaptations are accompanied by creation of local norms as children in one setting may
perform better, on average, than children in another due to cultural differences in child
rearing and access to early education.8
Finally, tests developed in Europe and North America have been used in other populations
in epidemiologic studies of specific exposures without adaptation by employing a healthy
control group for comparison. For example, controls were enrolled in a study comparing the
neurodevelopment of HIV-infected versus HIV-exposed uninfected children in the
Democratic Republic of Congo.17 Healthy children who serve as a control group can be
used to reduce norm-related bias when assessing group-level differences in developmental
delay. Existing tests without adaptation can also be used to identify factors associated with
neurodevelopmental scores within one population, as was done in a study of the effect of
stunting and wasting on the neurodevelopment of Tanzanian children.18 However, while use
of controls allows comparisons of scores between groups, this approach does not allow the
unbiased diagnosis of delay for individual children.
We present an alternative approach to the challenge of neurodevelopmental assessment of
children in resource-poor countries by developing new population norms. We applied this
method to the BSID-III using data collected in healthy Malawian children age 10 weeks to
30 months and compared the classification of neurological delay using the Malawian and US
norms.
Materials and Methods
Study site and selection of participants
From March 2008 to December 2009, 167 healthy children were enrolled as controls for a
cohort study of HIV infection and neurological development. HIV-negative mothers age ≥
15 years without a history of alcohol or substance abuse were randomly selected among
women attending prenatal care visits at two primary care facilities in Blantyre, Malawi.
Their infants were enrolled at age 10 and 14 weeks if born without congenital abnormalities
and free of severe disease at enrollment. Children were confirmed HIV-negative via
polymerase chain reaction (Roche Amplicor) at enrollment and screened for HIV infection
by rapid test (Determine and Unigold Rapid Tests) at age 30 months, or when follow-up
ended. A questionnaire was administered to the mother or primary caregiver to measure
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proxies for wealth (e.g. electricity, telephone, sanitation in the home) to assess whether the
distribution of socio-economic status among the study participants was comparable to that
reported in the Malawian 2010 Demographic and Health Survey.19
Administration of BSID-III
The BSID-III7 is a psychometric tool designed to measure neurological development in
children one month to 42 months of age. Five subtests of the BSID-III were administered to
each child at 10 weeks, 14 weeks, and then 6, 9, 12, 15, 18, 24, and 30 months of age:
receptive communication, expressive communication, fine motor, gross motor and cognitive.
Tests were implemented by trained study staff according to the BSID-III guidelines, using
the child’s age (in months) to determine the starting test item for each subtest and applying
the reversal and discontinue rules.20 Where necessary, instructions and test materials were
translated into Chichewa, with approval from Pearson Education, Inc. In addition, minor
modifications to the test scoring were made to ensure cultural appropriateness. For example,
for the BSID-III item depicting an apple a correct score was assigned when the child
identified the “apple” as a “tomato” as apples are not familiar to most Malawian children.
Calculation of BSID-III raw and scaled scores
The raw score was calculated as the number of test items that preceded the starting item plus
the number of items completed by the child. Test scores were recorded on standard BSID-III
record forms. The study manager verified the calculation of the raw scores before data entry.
Raw scores were double-entered using the BSID-III Scoring Assistant; discrepant entries
were resolved by consulting the paper record. Four subtests were not included due to
discrepant score entries that could not be resolved. The Scoring Assistant automatically
converted raw scores into scaled scores based on the US norms.
Development of Malawian BSID-III norms
Standardized scores from normative test data can be calculated with a variety of statistical
approaches. The simplest is to estimate percentiles; more complex approaches include
modeling the distribution of raw scores parametrically as a function of a variable used for
comparison, such as age, and then deriving z-scores.21,22 We used Generalized Additive
Models for Location, Scale and Shape (GAMLSS) as described by Rigby and Stasinopolos
to generate normative reference curves and standardized scores from the data collected
longitudinally in 167 Malawian children.23–25 For each subtest, we first identified the
optimal transformation of age to model the raw BSID-III score and identified the degrees of
freedom necessary to model the median, variance, scale and shape parameters. Normative
curves were developed in R using the model fitting functions provided by the GAMLSS
package and the centiles.pred function to compare fitted percentiles to observed percentiles
and generate standardized z-scores.26
To determine if there was substantial correlation due to repeated measures (a consequence of
our longitudinal approach to data collection), we conducted a sensitivity analysis using a
non-parametric bootstrap to compare standard errors of a regression model with age and a
generalized estimating equation with age controlling for cluster effects by child. Both
models regressed age with a quadratic term and used the raw score as the outcome variable.
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A priori, we decided that a 10% change in the standard error would suggest correlation
among repeated measurements. We only present data from GAMLSS models without
controlling for repeat measurements as none of the comparisons among the five subtests
exceeded this threshold.
Comparison of US and Malawian norms
We visually compared the shape of the mean raw scores from the US and Malawi norms to
determine if the trajectory of scores by age differed. We used the normative curves produced
by the GAMLSS models to plot the shape of the Malawian mean raw score for each subtest.
We used the raw score conversion charts included in the BSID-III administration materials
to estimate the mean for the 48 BSID-III age categories (as the US normative data are not
publicly available) to plot the mean raw score by age for the US norms.27
We also classified neurological development for each individual child according to both the
US and Malawian norms as described in Table 1. For the Malawian norms, raw scores from
study participants were directly converted by the GAMLSS program into z-scores. For the
US norms, US scaled scores were automatically calculated by the BSID-III Scoring
Assistant and scaled scores are normally distributed with a mean of 10 (standard deviation
(SD) of 3) and range 1–19. Given the ordinal nature of neurological classification based on
the overall BSID-III score for each subtest, we estimated the agreement between the US and
Malawian norms with weighted kappa statistics using linear weights in SAS version 9.2.
Ethical Considerations
Parents or guardians of all participants gave written informed consent before study
enrollment. Approval to conduct the research was granted by the University of Malawi
College of Medicine Research and Ethics Committee and the University of North Carolina
Institutional Review Board. Test results were not communicated as the scores could not be
interpreted until local norms were developed. Instead, all parents were given age-specific




A total of 167 children contributed 5 173 unique BSID-III sub-tests. The majority (70%)
completed 12 months follow-up, most (59%) completed 24 months follow-up, and 50%
completed assessments at 30 months of age. Children who were lost to follow-up
contributed to the analysis through their last study visit. Reasons for incomplete follow-up
were relocation or withdrawal (n=73), death (n=6), and administrative censoring at end of
study (n=7). Except for a higher proportion of mothers being < 30 years of age among
children not completing the study (p=0.01), children who did and did not complete 30
months of follow up were similar with respect to gender (p=0.7642), household ownership
of animals (p=0.3545), mother’s marital status (p=0.6895) and level of mother’s education
(p=0.9682). Some children did not complete all five tests during a study visit resulting in a
variable number of completed subtests: 1 027 for cognitive; 1 035 for expressive
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communication; 1 037 for receptive communication; 1 036 fine motor and 1 038 gross
motor. A total of four subtests were not included due to unresolvable data entry errors.
Approximately 13% of study visits were missed (not including visits after a child was
censored). Data from an individual child was included through 30 months or loss to follow-
up.
Of the children enrolled, 81 were girls (48.5%) and 113 (67.7%) had at least one sibling in
the household. Most primary caregivers were between 20–29 years of age (68.2%) and
79.6% were married. The prevalence of wealth indicators among households of study
participants was similar to those reported by the 2010 Malawi Demographic and Health
survey (Table 2).
Malawian BSID-III norms
Figure 1 presents the Malawian normative curves, with the mean, plus and minus one and
two standard deviations as a function of age for receptive communication, expressive
communication, fine motor, gross motor and cognitive development. Similar to widely used
charts for weight and height, these charts allow the plotting of individual BSID-III raw
scores to classify children’s development as normal (between mean and plus or minus 1
SD), mild delay (between minus 1 and minus 2 SD), severely delayed (> minus 2 SD),
above normal (between mean and plus 1 SD) or advanced (> plus 2 SD above mean) for
each of the five subtests.
Comparison of US and Malawian norms for five BSID-III subtests
In Figure 2, we compare the mean of the US norms with the mean of the Malawian norms
and show that the distribution of neurological performance in our normative Malawian
population is not merely shifted above or below the mean performance measured in the US.
Rather, the mean raw score among the normative Malawian population was higher before
age 6 months for the language subtests and before 12 months of age for the cognitive subset,
after which the mean curves crossed and the US normative mean exceeded that of our
Malawian sample.
Classification of 167 control children by US and Malawian norms
Approximately 70% of all tests administered to the participating children were classified as
normal by both norms (Table 3). Weighted kappa coefficients for the five subtests ranged
from 0.44 to 0.57 suggesting moderate agreement between the classification using the US
and Malawi norms. Cognitive and receptive communication subtests had the lowest kappa
scores (0.45 and 0.44, respectively) classification of gross motor demonstrated the highest
level of agreement (0.57). Using the US-based norms, the following number of tests would
have been misclassified: fine motor, 301 (29.1%); gross motor, 265 (25.5%); receptive
communication, 319 (30.8%); expressive communication, 261 (25.2%); and cognitive, 372
(36.2%).
Cromwell et al. Page 6























Despite the interest in examining effects of biological and environmental factors on
cognitive functioning of children in low and middle income countries, many psychometric
tests originate from Europe and North America and have not been validated in other
populations. We present the creation of locally-normed population reference curves for a
neurodevelopmental tool (BSID-III) developed for and commonly used in the US. Our data
show that the BSID-III norms developed from test scores of Malawian children are not
equivalent to the US-based norms and that reliance on US norm-based standardized scores
may result in misclassification of the neurological development of Malawian children. The
relationship between the two norms was not uniform but differed across age groups and
differed for each subset.
These results are unsurprising. Scores on cognitive development tests have been shown to be
higher among populations with greater access to education, urbanization and economic
security.28–32 Compared to the United States, early childhood in the African setting is
characterized by vastly different childcare practices and different exposure to educational
games, books, toys, and multimedia on television and personal computers. These practices
likely result in cultural differences in neurological development, especially in the domains of
language and cognition.
If the normative curves from our sample were the same shape as the US curves, one could
simply rescale (either upwards or downwards) US norms for different populations. We
demonstrate that the shape of test performance differs between Malawian and US normative
populations, with Malawian children having higher raw scores in the first months of life and
US children having higher scores after the first year of life, with increasingly diverging
mean curves for all subtests except fine motor skills. The results suggest that the US norms
may be useful in the first year of life. However, even when the normative means are similar,
as was the case for the fine motor development, the variability in scores resulted in
differences in neurodevelopmental classification (weighted kappa= 0.48), suggesting that
different norms may be needed for all age groups.
Our study has several limitations. First, we would ideally have employed the same statistical
method used to create the US norms for the BSID-III. Unfortunately, this information is not
publicly accessible. Instead, we used GAMLSS models, the methodology used by the World
Health Organization to develop norms for child growth curves.33 GAMLSS is a more
flexible technique compared to traditional methods which assume that raw scores are
normally distributed. Second, we used longitudinal assessments in a cohort of children. Most
normative samples are cross-sectional to avoid correlation due to repeated measures. In a
sensitivity analysis, we did not find evidence of correlation (data not shown). Third, our
normative sample size of 167 children may seem small compared the cross-sectional sample
of 1 700 US children sampled from 17 age groups. Our longitudinal approach did however
result in 1 030 assessments in 167 children prospectively followed from age 10 weeks to 30
months. Furthermore, we assessed more children per age group (n=167) than the US
normative sample (n=100). Finally, we did not enroll a random sample of healthy children.
Instead, we randomly selected from HIV negative mothers who had participated in an HIV
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testing program for prevention of mother-to-child transmission. As such, the children
enrolled may not have been fully representative of Malawian children, but are likely
representative of the population for which these norms were initially developed. These new
norms serve to facilitate the comparison of neurological development in a cohort of HIV-
infected and HIV-exposed children with the neurological development of healthy, HIV-
uninfected and unexposed children from the same source population. A comparison of
household characteristics among study subjects with demographic data from the Malawian
DHS suggests our sample was representative of urban and semi-urban Malawian
households. Finally, we did not administer a second neurological assessment tool to validate
diagnosis of delay in our study population.
In conclusion, our findings demonstrate that reliance on US-based norms for the BSID-III in
Malawian children results in misclassification of neurological developmental delay and that
the cross-cultural bias introduced when using developmental assessments in populations
with substantially different child rearing practice can be addressed by development of local
norms. Future research should assess if norms developed for populations other than the US
and Europe are valid within larger geographic regions, similar to the age-specific norms
developed by the World Health Organization for weight and height.
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Figure 1. Charts for standard reference curves of raw scores for five BSID-III subtests from
Malawian sample
Standard reference curves for (A) expressive and receptive communication, (B) fine and
gross motor and (C) cognitive are presented with the mean (solid line), first and second
standard deviations (dotted lines).
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Figure 2. Comparison of mean raw score using the US and Malawian norms for five BSID-III
subtests
The mean for the Malawian normative curve (solid line) is compared to an estimate of the
mean US normative curve (dotted line) for (A) expressive and receptive communication, (B)
fine and gross motor and (C) cognitive subtests.
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Table 1
Classification of neurological development according to scores from US and Malawian norms




Severe delay 1–3 < −2
Mild delay 4–6 −2 ≤ raw score < −1
Normal 7–13 −1 ≤ raw score ≤ 1
Above normal 14–16 1 < raw score ≤ 2
Advanced 17–19 > 2






















Cromwell et al. Page 14
Table 2








Car 5 (3) 6.5
Motorbike 1 (1) 1.2
Bicycle 36 (24) 29.9
Television 39 (26) 34.2
Radio 118 (78) 70.3
Refrigerator 16 (11) 15.7
Flush toilet 11 (7) 9.4
Pit/bucket latrine 140 (93) 86.4
Electricity 56 (37) 34.7
Mobile phone 111 (75) 73.0
Farm animals 55 (68) 26.5
‡
Prevalence estimates for urban Malawi as the two study sites were located in urban or peri-urban areas of Blantyre.
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